One of the most important tasks of aircraft vulnerability assessment is to rank vulnerable components so that proper actions can be applied to the weaker components to improve survivability. Currently, when comparing the contributions of components to the overall aircraft vulnerability in a military context, existing methods focused on the aircraft kill state without considering the intermediate states that are related to performance degradations. This work aims to investigate how performance-related importance measures in the field of reliability can be modified to rank the vulnerable components. Component vulnerability importance measures considering performance degradations are proposed. Two applications, one with eight critical components and one consisting of 84 noncritical components and 28 critical components dealing with aircraft being hit by metallic fragments detonated from a missile, are provided. The analysis shows that the proposed method is useful for engineers to determine which components are more likely to cause aircraft performance degradations in the combat environment from the standpoint of vulnerability. 
= random hit number n = hit number on the aircraft P K∕H = probability of kill given a hit on the presented area of the aircraft P N K∕H = cumulative probability of kill after N hits on the aircraft P i m = probability that component i is in state m p k∕H i = kill probability of component i given a hit on the aircraft p i k∕h j = kill probability of component i in the jth grid cell p E A P s∕H i = survival probability of component i given E A P hits on the aircraft r = total number of components VI I. Introduction V ULNERABILITY is defined as the inability of an aircraft to withstand the damage caused by threat weapons, and it is one of the negative attributes of aircraft [1, 2] . The more vulnerable an aircraft, the more likely it will be killed when hit by enemy fire (for example, the high-velocity metallic fragments detonated from a missile [3] ). There are several types of aircraft kill, such as the attrition kill, the mission kill, the mission abort kill, and the mission denial kill. One of the most important tasks of vulnerability assessment is to rank vulnerable components so that proper actions can be applied to the weaker components to improve survivability. Various vulnerability reduction measures have been suggested in [4] [5] [6] , such as redundancy of the critical components, the toughness of the structures, fire and explosion suppression systems, armor, and so on.
Currently, there are two approaches for ranking the vulnerable components. The first is to determine the relative vulnerability based on the single-hit vulnerable area (SHVA) or kill probability of each component [1, 7, 8] . This method can only be applied for an aircraft consisting of nonredundant components that are designed to perform the mission functions individually. In the second approach, the concept of importance measures (IMs) in the field of reliability is modified for ranking the vulnerability of both nonredundant and redundant components [8] .
In the aforementioned approaches, the kill state (total failure) of the aircraft is fully dealt with in the computation of the SHVA or IMs, whereas the possible intermediate states are ignored. In the field of aircraft combat survivability, the assumptions are usually made that the component subjected to one or more hits has only two states (kill or perfect state) and the aircraft can exist in three types of states, including not only the perfect state and the kill state but also the multiple intermediate states [9] . The intermediate states are usually related to aircraft performance degradations and will probably affect the mission effectiveness. Hence, in this paper, our aim is to establish a criterion for evaluating and ranking the component vulnerability by considering performance degradations in the combat context.
To rank vulnerable components, the performance-related IMs in the field of system reliability are introduced to evaluate combat vulnerability. The motivation and feasibility of this research come from the fact that the concepts of system reliability and combat vulnerability have some similarities. Both are described by probability (probability of failure in reliability vs probability of kill in vulnerability), and the system reliability/vulnerability is calculated based on its component reliability/vulnerability. Nevertheless, there is the main difference of vulnerability from reliability. Vulnerability is more concerned about the manmade hostile environment and affected by the interaction of the enemy fire (number, mass, velocity of the threat, etc.) with the aircraft (component location, material, thickness, etc.). In this paper, IMs, including the Griffith importance measure and integrated importance measure (IIM), in the field of reliability are used and modified for defining and evaluating component vulnerability within an aircraft.
To demonstrate how to use the modified IMs to rank component vulnerability, two examples are provided. Both examples are hypothetical aircraft: one with eight critical components, and one consisting of 84 noncritical components and 28 critical components. The vulnerability IMs for each component are calculated and analyzed. The results show that the proposed method is useful for engineers to determine which components are more likely to cause aircraft performance degradations in the combat environment from the standpoint of vulnerability.
The remaining parts of this paper are organized as follows. A theoretical background of the IMs (especially the performancerelated IMs) and component vulnerability are presented in Sec. II. In Sec. III, the Griffith importance measure and integrated importance measure are modified from the standpoint of vulnerability for ranking the vulnerable components. In Sec. IV, a component vulnerability IM analysis of two hypothetical aircraft of increasing complexity is shown. Finally, the concluding remarks are provided in Sec. V.
II. Theoretical Background

A. Importance Measures for Reliability Analysis
The importance measure is used to assess the effect of change in the reliability of a given component on the overall system reliability. Many IMs have been proposed to describe various aspects of reliability [10] , such as the Barlow-Proschan importance measure [11] [12] [13] , reliability achievement worth, and reliability reduction worth [14] [15] [16] . They are useful for making risk-informed decisions related to system operation and maintenance [16] .
In addition, extensive works on performance-related IMs have been proposed in recent years. To analyze the effect of component improvement on system performance, Griffith [17] detailed the concept of system performance. Wu and Chan [18] defined a new utility IM and discussed the contribution of an individual component to the performance utility of a multistate system. Zio et al. [19] used the IM method to determine the prioritization of the rail sections for improving the performance of the rail network. Levitin et al. [20] evaluated the performance distribution of complex series-parallel multistate systems by considering propagated failures and protections of the system elements. Peng et al. [21] explored new component importance measures for systems whose degradations are functions of time. Barker et al. [22] provided two resilience-based IMs for evaluating the ability of the network to recover to a desired performance state. Si et al. [23] focused on the integrated importance measure of component states concerning the degradation of system performance and the transition rates of the components. Dui et al. [24] extended the IIM from the unit time to the system lifetime, as well as to different life stages, based on the renewal functions of components.
In this paper, the performance-related IMs mentioned previously will be introduced and modified as criteria for ranking the component vulnerability. The Griffith IM is well known, and the IIM represents one of the new performance-related IMs; hence, they will be used as examples to present the modification procedure. The detailed formulas for the two measures are given in the following: 
In Eq. (1), Φ· i ; X is the structure function of the system, · i ; X means the vector X X 1 ; : : : ; X i−1 ; ·; X i1 ; : : : ; X r , and PrΦm i ; X ≥ k means the occurrence probability for Φm i ; X ≥ k. Aircraft vulnerability is usually expressed as the vulnerable area A V or the probability of kill P K∕H given a hit on the presented area A P (in the plane normal to the approach direction of the penetrator) of the aircraft. Mathematically, A V is equal to the product of A P and P K∕H . The computation of A V requires a shot-line description process [25, 26] . As shown in Fig. 1 , the trajectories of the penetrators are simulated as a set of parallel rays distributed in the grid cells. For each ray, the intersections with internal and external components are recorded; the residual weight and residual speed for the penetrator are calculated by penetration equations. Whenever a critical component is intersected by a shot line, [25, 26] 
The value of p i k∕h j is affected by not only the speed, the mass, and the obliquity of the penetrator but also the thickness, the material, the function of component i, etc. The presented area A i p and vulnerable area A i v of component i can be obtained by summing the vulnerable area and the presented area of component i in each grid cell, respectively. The presented area of the overall aircraft is calculated by summing the presented areas of the grid cells in the aircraft. The computation of A V is performed by [25] [26] [27] 
where A V j is related to the number of components in the jth grid cell, and the kill tree (similar to the fault tree in reliability) and can be obtained by Ball's method for computing an aircraft's single-hit vulnerable area for aircraft with nonredundant, redundant, nonoverlapping, and overlapping critical components [25] . Note that one ray or shot line can sometimes hit more than one component. This phenomenon is called component overlapping, where shielding or masking happens among components. Similarly, one ray may hit no component in the grid cell. For a given aspect, the planform of the aircraft is usually divided into different regions for vulnerability analysis. Some are critical regions where critical components reside, and some are noncritical regions where shot lines do not hit any critical component. For example, the left portion of Fig. 2 shows the planform of an aircraft containing eight critical components. There are five critical regions (regions 1-5) and one noncritical region (region 6).
III. Research Method
A. Method Overview and Assumptions
In this section, performance-related IMs (Griffith importance measure and integrated importance measure) in the field of reliability are modified to be used for prioritization of the vulnerable components. Since the indices for vulnerability are different from reliability, the aircraft or component vulnerability index is introduced first. Then, a detailed procedure for calculating the vulnerability IMs by considering performance degradations is given.
For illustration purposes, this paper is based on the following assumptions:
Assumption 1: The component has only two states, namely, kill or perfect state. The overall aircraft has a zero state (kill state) and multiple nonzero states.
Assumption 2: The hit locations on the aircraft obey the uniform distribution.
Assumption 3: The aircraft presented area, component presented area, or vulnerable area in the critical regions is a known value.
B. Proposed Component Vulnerability IM Considering Performance Degradations 1. Aircraft Vulnerability Index and State Probability Determination
In the previous vulnerability IMs [8] , the equivalent vulnerable area A VE is adopted as the aircraft vulnerability index. Compared with the single-hit vulnerable area A V in Sec. II, A VE refers to the average vulnerable area where all the areas (including vulnerable areas of redundant components) are equivalent to a nonredundant vulnerable area by mathematical expectation theory [28] . That is, A VE considers only the kill or zero state of the aircraft. So, it is not applicable in this paper for considering all the aircraft states contributing to the performance.
In this section, taking the intermediate states and the perfect state into consideration, the multiple-hit vulnerability is recommended as the vulnerability index. In the combat environment, the aircraft will probably suffer more than one hit. The hit number is related to the actual engagement of an aircraft with the threats. Considering all possible engagements, we propose to take E A P , which is the expected number of hits on the presented area of the aircraft required to kill the aircraft, as the hit number. It is mathematically expressed by
where PN n is the probability that all the n hits on the presented area will lead to the kill of the aircraft. According to [28] ,
where N end refers to the hit number that makes P N K∕H nearly equal to 1.0. In Eq. (6) , P N K∕H is traditionally calculated using the tree diagram, Markov chain, Monte Carlo, and binomial-or Poisson-based simplified approach [9, 25] . However, Eq. (5) shows that the value of E A P could not be an integer, and the first three methods are not Fig. 2 Projected regions of an aircraft, modified from [8] .
Article in Advance / PEI, WANG, AND LI applicable (they can only deal with the discrete hit event in the field of vulnerability). Hence, the binomial-based simplified approach is used to assess the multiple-hit vulnerability. According to the binomial approach, the cumulative kill probability of component i given E A P hits on the aircraft can be obtained by [25] 
where p k∕H i is obtained by [26, 27] 
After calculating the probability of kill for each component, the probabilities corresponding to the existing states of the aircraft can be easily determined. For example, for a redundant aircraft model that has two nonredundant components (p and f) and two mutually redundant components (e1 and e2), the survival probability p E A P s∕H i for each component is given by
Thus, the probability that the aircraft survives after E A P hits P E A P S∕H , which is the so-called perfect state of the aircraft, is obtained by
Similarly, the probabilities corresponding to the zero state and the intermediate states of the aircraft can be obtained.
Griffith Importance Measure for Vulnerability
According to Assumption 1, the state space of component i is f0; 1g, where state 0 represents the kill state and state 1 the perfect state. To rank the vulnerable components, the proposed Griffith vulnerability importance measure for component i is defined by
where VI G 1 i describes the performance change of the aircraft when the component state changes from a perfect state to a kill state. Pr E A P Φ1 i ; X k is the existing probability of state k for an aircraft subjected to E A P hits when component i is in the perfect state, whereas Pr E A P Φ0 i ; X k represents the existing probability of state k for an aircraft subjected to E A P hits when component i is in the kill state.
Integrated Importance Measure for Vulnerability
In the field of vulnerability, components are assumed to be in the perfect state before going into combat. Hence, when calculating the IIM for vulnerability, the value of P IM is equal to 1.0. In addition, the state transition from the perfect state to the kill state of component i is usually caused by the hits from the penetrators or fragments, so λ i 1;0 in Eq. (2) should be interpreted as the transition probability for each hit for which the value is p k∕H i . In summary, the proposed IIM for vulnerability VI IIM 1 i of component i is defined by
Birnbaum Importance Measure for Vulnerability
To have a baseline to compare with the Griffith IM and integrated IM, the Birnbaum vulnerability importance measure VI B 1 i is provided as
To distinguish the three vulnerability IMs mentioned previously, a comparison about them is listed in Table 1 .
Component Vulnerability IM in the Real Combat Scenario
Vulnerability is related to the hit aspect of the threat. Mathematically, the hit aspect can be expressed by two angels: azimuth A (0 ∼ 360 deg) and elevation E (−90 ∼ 90 deg). A is defined as the angle XOQ between the projection OQ of the hit aspect on the X-Z plane and the X axis, and E is defined as the angle QOP between the hit aspect OP and the X-Z plane, as shown in Fig. 3 .
The real combat scenario is to determine in which aspect the aircraft will suffer more hits. Usually, when performing the survivability design, we first define the main attacking aspect according to the combat mission; then, we analyze the weaker components and the weaker parts of each component for that aspect. Finally, some vulnerability reduction measures will be adopted for the weaker parts of each component. In this paper, the main attacking aspect is provided as the input for the analysis. Fig. 3 Threat aspect definition.
C.
Step-by-Step IM Analysis Procedure
In sum, the step-by-step IM analysis procedure considering performance degradations is shown in Fig. 4 .
IV. Analysis of Numerical Examples
In this section, two applications dealing with aircraft being hit by metallic fragments detonated from a missile are provided. The first one gives a step-by-step illustration of the proposed method. The second is about a more complex hypothetical aircraft.
A. Example 1:
Step-by-Step Illustration
The aircraft in Fig. 2 is used to give a step-by-step illustration of the proposed method. This aircraft contains eight critical components. Among them, components A, B, C, and D are nonredundant; components E and F are mutually redundant; and components G and H are mutually redundant too. Suppose the aircraft is subjected to the hit from the right aspect. As mentioned in Sec. II.B, six regions are formed. The main characteristics for each region are different. Region 1 contains only one component: the whole component A. Region 2 contains two components: parts of components C and D. Region 3 contains six components (parts of components C, D, E, and F) and the whole components G and H. Region 4 contains four components: parts of components C, D, E, and F. Region 5 contains only one component: the whole component B. Region 6 is a part of the aircraft presented area that does not contain any critical component.
Input Data
According to Assumption 3, the aircraft presented area, vulnerable area, and presented area for each component are known values. In this example, the presented area under the given aspect is 55.57 m 2 . Table 2 gives the input data for each critical region. For example, region 2 contains two components (components C and D), the presented area is 3.0 m 2 , and the vulnerable areas of components C and D in this region are 0.75 and 0.60 m 2 , respectively.
Listing the Existing States
According to the enumeration and merging of the component states [29] , we learn that the aircraft can exist in 10 unique states. The probability for each state after the aircraft is subjected to N hits is shown in Table 3 . In this table, the performance level a k is assumed with a certain value. When the aircraft is killed, a k is equal to 0.0. When the aircraft is in the perfect state, a k is equal to 1.0. When the aircraft is in the intermediate state, the value of a k is between 0.0 and 1.0 according to the criticality of performance degradation.
Calculating P k∕H i and E A P
The values of A v i and P k∕H i can be obtained by adding up the vulnerable areas of each component in each region and by using Eq. (8); the results are listed in Table 4 . According to Eq. (6), we can get E A P 19.209504.
4.
Calculating Pr E A P Φ1 i ; X k and Pr E A P Φ0 i ; X k Pr E A P Φ1 i ; X k can be obtained by using the formulas in Table 3 , where N E A P ; and the value of P k∕H i for component i is 0.0, whereas the values for other components are shown in Table 4 . Pr E A P Φ0 i ; X k can be calculated similarly with Pr E A P Φ1 i ; X k, except that P k∕H i for component i is 1.0. The state probability corresponding to each component is calculated and shown in Table 5 .
Calculating the IMs
Using Eqs. (14-16), we can get the values of the IIM, the Griffith IM, and the Birnbaum IM for component vulnerability, as shown in Table 6 . It can be seen from the table that, for nonredundant components A, B, C, and D, the three IMs give the same orders. For redundant components (for example, components E and F), the Griffith IM and the Birnbaum IM give the same orders, whereas the IIM has a different order. This is due to the fact that, in Eq. (15) for the IIM computation, the transition probability P k∕H i is considered, whereas the other two do not include this parameter.
B. Example 2: Ranking the Vulnerable Components of a Hypothetical Warning Aircraft
In the second example, a more complex and realistic system is given. The vulnerability IMs of the components are analyzed for a hypothetical warning aircraft that stays on the ground and is Article in Advance / PEI, WANG, AND LI subjected to missile fragment hits. The configuration is like the E-2 warning aircraft. To conduct the vulnerability analysis, the first step is to model the aircraft. The selected type of aircraft kill is the mission abort kill, which measures the degree of aircraft damage that prevents the aircraft from completing its designated mission. As shown in Figs. 5-7, there are three kinds of component models for the aircraft.
The first is about the aircraft external components (such as ailerons, elevators, and rudders) that undertake the aerodynamic loads. The second is about the structural components like spars, ribs, or longerons. The last is about the subsystem components such as fuel tank, engine, equipment, etc. The components of the first two categories are less vulnerable than the subsystem components; sometimes, they are modeled as noncritical components. Those noncritical components function when calculating the residual mass or speed after the penetrator penetrates them. In this example, the number of the external components is 25 (noncritical), the number of the structural components is 21 (noncritical), and the number of the subsystem components (listed in Table 7 ) is 66, including 28 critical components and 38 noncritical components. Among the critical components, there are four sets of redundant components. Components X38 and X39 are mutually redundant, constituting the first redundant set. Components X45 and X47 are mutually redundant, constituting the second redundant set. Components X46 and X48 are mutually redundant, constituting the third redundant set. Components X65 and X66 are mutually redundant, constituting the fourth redundant set. Other critical components are nonredundant.
Input Data
Since the aircraft is staying on the ground, the threats may come from above the ground. For simplicity, one main hit aspect (azimuth angel A 180 deg, elevation angel E −45 deg) is considered.
The computation of the vulnerable area or presented area for each component is related to the material, the thickness, and the kill probability function for each component, as well as the type of threat. Assume the aircraft is hit by the round fragments detonated from a Table 5 State probability corresponding to each component State probability (k I; II; : : : ; IX) Probability type I II III IV V VI VII VIII IX Pr E A P Φ1 a ; X k 0.001485 0.001324 0.001270 0.001133 0.060583 0.054014 0.007831 0.006700 0.319520 Pr E A P Φ0 a ; X k 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 Pr E A P Φ1 b ; X k 0.001366 0.001217 0.001168 0.001042 0.055716 0.049675 0.007202 0.006162 0.293851 Pr E A P Φ0 b ; X k 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 Pr E A P Φ1 c ; X k 0.001685 0.001502 0.001441 0.001285 0.068740 0.061286 0.008885 0.007602 0.362538 Pr E A P Φ0 c ; X k 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 Pr E A P Φ1 d ; X k 0.001570 0.001400 0.001344 0.001198 0.064075 0.057127 0.008282 0.007086 0.337936 Pr E A P Φ0 d ; X k 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 Pr E A P Φ1 e ; X k 0.000000 0.001261 0.000000 0.001079 0.000000 0.051437 0.007457 0.006380 0.304273 Pr E A P Φ0 e ; X k 0.007457 0.000000 0.006380 0.000000 0.304273 0.000000 0.000000 0.000000 0.000000 Pr E A P Φ1 f ; X k 0.001390 0.000000 0.001189 0.000000 0.056695 0.000000 0.007328 0.006270 0.299014 Pr E A P Φ0 f ; X k 0.000000 0.007328 0.000000 0.006270 0.000000 0.299014 0.000000 0.000000 0.000000 Pr E A P Φ1 g ; X k 0.000000 0.000000 0.001042 0.000929 0.049685 0.044298 0.000000 0.005495 0.262044 Pr E A P Φ0 g ; X k 0.049685 0.044298 0.000000 0.000000 0.000000 0.000000 0.262044 0.000000 0.000000 Pr E A P Φ1 h ; X k 0.001214 0.001082 0.000000 0.000000 0.049514 0.044145 0.006400 0.000000 0.261139 Pr E A P Φ0 h ; X k 0.000000 0.000000 0.049514 0.044145 0.000000 0.000000 0.000000 0.261139 0.000000 site for the Defense Systems Information Analysis Center, § which is a convenient information and knowledge resource for the defense community) and provided in Table 8 . These data will be used in the following analysis.
Listing the Existing States
After being hit by the threats, the aircraft will exist in 81 states, including intermediate states and a perfect state, shown in Table 9 . The performance parameter a k is assumed with a certain value. In this table, the second or fifth column lists the killed components for the corresponding state. For example, in the first row, "X47 X48 X39 X66" means only components X47, X48, X39, and X66 are killed.
Results and Analysis
The values of the IIM, Griffith IM, and Birnbaum IM are shown in Table 10 . From this table, we learn that, for all nonredundant components, three IMs give the same orders: the components that rank among the top five are X55, X56, X58, X57, and X18; and redundant components are less vulnerable than nonredundant ones. It should be noted that the proposed IMs considering performance degradations are affected by not only the component vulnerable area or kill probability but also the performance parameter a k for each state. The conclusion from the preceding two examples may not be Article in Advance / PEI, WANG, AND LI applied to other cases, since the values of the performance levels are subjectively given.
V. Conclusions
Survivability or low vulnerability is considered as one of the main guidelines in the design of an aircraft. To improve survivability, the weaker components should be designed to withstand any hit by the enemy warheads (metallic fragments) or avoid degrading to an unacceptable level. This work investigates how performance-related IMs (the Griffith importance measure and integrated importance measure) in the field of reliability can be modified to be used for the prioritization of the vulnerable components of an aircraft. Since the indices for vulnerability are different from reliability, the modifications paying much attention to the differences between the two fields focus on two aspects: 1) the determination of the aircraft or component vulnerability index, and 2) extending the traditional methods for ranking the vulnerable components by not only considering the aircraft kill state but also fully including the effects of the intermediate states related to performance degradations. Two examples of increasing complexity are provided. The analysis shows that the proposed method (performance-related vulnerability IM) is useful for engineers to determine which components are more responsible for aircraft performance degradations in the combat environment from the standpoint of vulnerability. 
